Abstract
article Trastuzumab (Herceptin) is the standard-of-care treatment for human epidermal growth factor receptor 2-positive (HER2+) breast cancer (1) (2) (3) (4) (5) (6) , which accounts for approximately 25% of breast cancers (7, 8) . However, early clinical trials showed that trastuzumab produced an asymptomatic decrease in left ventricular ejection fraction (LVEF) and/or symptomatic (possibly severe) heart failure (HF) (2, 3, 9, 10) , leading to early discontinuation rates ranging from 4.3% to 19% in different trials (3, 11, 12, 13) . In the real world, the rates are likely greater (14) (15) (16) (17) .
There is substantial evidence from cohort studies and clinical trials demonstrating trastuzumab-associated cardiac dysfunction in the short term, months after therapy (2, 10, 12, 13, 15, (18) (19) (20) (21) (22) (23) . However, there is less evidence depicting the risk of major cardiovascular adverse events in the long term, years after completion of therapy. Nearly all such evidence is derived from clinical trials, with median follow-ups ranging between two and eight years (3, 9, 12, 24, 25) . The limitation of these trials is realworld applicability: Patients were excluded if they had underlying cardiac disease or LVEFs below a certain cutoff (2, 10) , and patients tended to be younger and received closer monitoring than what is found in the real world (19) .
Additionally, the population studies to-date pay little attention to the late risks of HF; while they do portray the well-known risk of HF with trastuzumab, they fail to demonstrate whether this risk is confined to the period during or shortly after treatment or whether a substantial risk carries forward into survivorship. Long comparative follow-up studies are needed to further determine when cardiac events predominantly occur, and whether there is lingering damage that precipitates adverse events or death. A confounding consideration is that anthracycline-induced HF can manifest four to 20 years subsequent to use (26) , and the annual incidences of HF continue to increase 10 to 16 years postanthracycline, potentially at progressively faster rates than other (nonanthracycline) chemotherapy regimens (27, 28) . Thus, there is an additional need to investigate whether trastuzumab exacerbates anthracycline-induced cardiotoxicity in a synergistic manner, which is suggested by preclinical data (29, 30) .
The purpose of this retrospective study is to assess the longterm risk of HF associated with the use of adjuvant trastuzumab plus chemotherapy in comparison with chemotherapy alone on a population level. A secondary purpose is to determine whether anthracycline use potentiates the risk of HF associated with trastuzumab in the general breast cancer population for patients treated by their own physicians.
Methods

Study Design and Data Collection
This was a population-based retrospective cohort study. Patients were excluded for the following conditions: diagnosis of HF prior to breast cancer (algorithm in next section), surgery performed after initiating chemotherapy, diagnosis of stage IV breast cancer, a time interval longer than 180 days between surgery and chemotherapy, and other previous cancer diagnoses (aside from breast).
Outcome and Explanatory Variables
The main outcome measured was a new diagnosis of HF. We employed an algorithm that was recently tested and validated for accurate identification of HF cases, with 85% sensitivity and 97% specificity; the criteria include one hospital admission diagnosis (CIHI-DAD) or one ambulatory care diagnosis (OHIP) followed by a second diagnosis (from either source) within one year (31) . The International Classification of Diseases (ICD) diagnostic codes used to gather HF cases were the following: ICD-9 428 ("congestive heart failure"), ICD-10 150.0 ("congestive heart failure"), 150.1 ("left ventricular failure"), and 150.9 ("heart failure, unspecified"). The algorithm criteria we use to define a case of HF are similar to those previously used, and diagnostic codes we employed to identify HF are consistent with but narrower than those used in previous studies (16, 17, 20, 21) .
Various patient-level explanatory variables were collected from the ICES databases, including age, socioeconomic status, rural status, chemotherapy regimen, cardiac risk factors, cardiac comorbidities, other chemotherapy drug use, and stage of cancer at diagnosis. Socioeconomic status was determined by income quintile of neighborhood by postal code through RPDB. Comorbidities were measured using the Charlson Deyo Index (32, 33) . The follow-up period was up to the end of 2012.
Statistical Analyses
The baseline patient characteristics were compared between the group receiving adjuvant trastuzumab plus chemotherapy and the group receiving adjuvant chemotherapy alone. Categorical variables are presented as frequency (percentage) of nonmissing article cases and compared using the chi-square test. Time-to-events was analyzed using the Kaplan-Meier (KM) method and compared by log-rank test. This time was calculated from the date of first chemotherapy administration until date of HF diagnosis, last physician contact, or death (censored)-whichever came first.
We performed multivariable Cox regression models to adjust for confounding factors and assess the effect in development of HF. Observation of preliminary data from our cumulative incidence plot demonstrated a noncongruent inflection point at approximately the 1.5-year mark. Therefore, a piecewise Cox regression model was conducted to evaluate the differential hazard ratios (HRs) for developing HF in a timeframe within 1.5 years since initiating treatment and a timeframe starting 1.5 years subsequent to initiating treatment. This was accomplished by adding a time-dependent covariate, which could demonstrate the HR of developing HF when taking trastuzumab, in the periods before and after the 1.5-year point. We evaluated the proportional hazards assumption for the time periods before and after 1.5 years.
We conducted subgroup analysis and testing for interaction between anthracycline and trastuzumab in mediating HF. After dividing our cohort into one group that used anthracyclines and another that did not, interaction between anthracycline and trastuzumab could be assessed. Interaction factors were ascertained from the regression model, both before and subsequent to the 1.5-year point. In addition, we conducted a sensitivity analysis in a cohort of patients age 65 years and older.
To check for robustness in the presence of the competing risk of death, the cumulative incidence function was also calculated in each group and an unadjusted comparison of groups was made using Fine and Gray's method (34) .
Because our comparison groups were not randomized, we performed propensity score (PS) analysis. We tested using PS as an additional covariate as well as a matched pair analysis using the greedy matching techniques (35) (details in the Supplementary Methods, available online). Linearity and interaction of covariates were assessed in the models. All statistical comparisons were two-sided with statistical significance defined at a P value of less than .05. Analyses were performed using SAS (version 9.3, SAS Institute Inc., Cary, NC).
Results
Population Characteristics
After excluding 584 women with previous HF diagnosis, a total of 19 074 women were identified as having been diagnosed with breast cancer (stage I-III) between 2003 and 2009 and received an adjuvant chemotherapy regimen. Of these women, 15 703 received chemotherapy only and 3371 (17.7%) received trastuzumab in addition to chemotherapy (Table 1) . Fourteen point six percent of women were age 65 years or older. There were no statistically significant differences between the two groups with 
Cardiac Events
The median follow-up time for the breast cancer survivors was 5.9 years (interquartile range = 4.2-7.6 years). Over the 10-year period of follow-up, the cumulative incidence of HF was statistically significantly higher in the group receiving adjuvant trastuzumab with chemotherapy compared with chemotherapy alone (Figure 1 ). According to KM estimates, the one-year incidence of HF was 3.0% in the trastuzumab group and 0.8% in the standard chemotherapy group and the five-year incidence was 5.3% vs 2.6% (P < .001, log-rank) ( Table 2 ). As the HF incidences increased over time, the annual incidences were similar between groups from two to five years (Table 2 ). Competing risk analysis demonstrated similar results, with five-year cumulative incidences of 5.2% vs 2.5%, log-rank P < .001 ( Table 2 ). The cumulative incidence curve for the trastuzumab group depicted an inflection point at approximately the 1.5-year mark, where the slope decreases sharply (Figure 1 ). This difference was quantified by a piecewise adjusted Cox regression model (Table 3) , which revealed an adjusted hazard ratio of 5.77 (95% confidence interval [CI] = 4.38 to 7.62, P < .001) of experiencing a new onset of HF in the first 1.5 years of chemotherapy compared with conventional chemotherapy. However, after 1.5 years the risks of new incidence of HF were similar, with an adjusted hazard ratio of 0.87 (95% CI = 0.57 to 1.33, P = .53). Additionally, these two hazard ratios are statistically different (P < .001). Hazards became nonproportional towards the end of the first 1.5 years.
PS analysis revealed similar results: The hazard ratio for risk of HF within 1.5 years was 5.83 (95% CI = 4.42 to 7.69, P < .001) and after 1.5 years was 0.88 (95% CI = 0.58 to 1.35, P = .55). By matched pair analysis, the values were similar both before 1.5 years (HR = 6.17, 95% CI = 3.85 to 9.90, P = .006) and after 1.5 years (HR = 0.94, 95% CI = 0.55 to 1.61, P = .83).
Aside from trastuzumab use, various explanatory variables were associated with statistically significantly increased HF risks (Table 3) . They include increased age, underlying diabetes mellitus, two or more comorbidities, and having a stage II or III cancer. Anthracycline use was associated with HF nonsignificantly. More recent year of diagnosis and taxane use were associated with lower risk of HF.
Auxiliary Analyses
Subgroup analysis by use or nonuse of anthracyclines demonstrated that trastuzumab use was associated with statistically significantly higher cumulative incidences of HF in either case ( Figure 2) , with cumulative incidences slightly higher in nonanthracycline patients amongst those who did not use trastuzumab, but slightly higher in anthracycline patients amongst those who did use trastuzumab (Table 4 ). Interaction analysis in the Cox regression model revealed that use of anthracyclines did not increase the risk of HF associated with trastuzumab, neither within (P = .92) nor beyond 1.5 years (P = .23).
A sensitivity analysis was conducted on a cohort age 65 years and older. By KM estimates, the five-year cumulative incidence of HF was 8.5% in the trastuzumab group and 5.9% in the chemotherapy-only group (Supplementary Figure 3, Figure 1 . Kaplan-Meier cumulative incidence of heart failure over time of adjuvant therapy. The numbers of patients at risk for each year are below the figure. Curves were derived from Kaplan-Meier survival estimates. When cumulative incidence of competing risks was graphed, Gray's test P value was < .001 as well (see Table 2 for values).
article (95% CI = 3.11 to 9.17, P = .014) within 1.5 years and a hazard ratio of 0.71 (95% CI = 0.32 to 1.60, P = .41) after 1.5 years.
Results were similar in an analysis limited to patients diagnosed in 2005 or later, when trastuzumab was available in Canada (Supplementary Tables 2-5 and Supplementary Figures  1-2, available online) .
Discussion
This study retrospectively followed breast cancer patients for a median of 5.9 years and demonstrated an increased cumulative incidence of HF in patients receiving trastuzumab with adjuvant chemotherapy compared with conventional chemotherapy alone. The risk of new incidence of HF was 5.77-fold higher in patients who received trastuzumab within 1.5 years from the start of adjuvant therapy, but no difference in risk was observed subsequently. No interaction between trastuzumab and anthracycline was detected. To our knowledge, this is the largest population-level analysis of long-term trastuzumab cardiotoxicity.
This study demonstrated one-, three-, and five-year risks of HF of 3.0%, 4.8%, and 5.2%, respectively, for patients treated with trastuzumab plus chemotherapy. This compares with respective risks of 0.7%, 1.6%, and 2.5% risks with conventional chemotherapy alone. These cumulative incidence values are slightly higher, yet consistent with previous findings from clinical trials: The B-31 and the N9831 trials reported three-year cardiac event incidences of 4.1% and 2.9%, respectively, in the trastuzumab group, in comparison with 0.8% and 0% in the control groups (2,13). Similarly, a median 3.6-year follow-up of the HERA trial featured a symptomatic HF incidence of 1.9% in patients (9) . The discrepancy can be explained by exclusion of patients from these clinical trials who had underlying heart disease or displayed cardiac symptoms or low LVEF after anthracycline treatment, before beginning taxanes +/-trastuzumab (2,10), producing cohorts with younger age distributions and fewer comorbidities than seen in the general population. Additionally, the time delay before adjuvant trastuzumab in the HERA trial was longer than seen in practice. Conversely, the incidence values from our elderly cohort sensitivity analysis (8.5% vs 5.9% in respective groups) are lower than those from studies involving elderly patients from the SEER database (16, 17, 21) , including one study which featured a 41.9% three-year incidence of HF in 431 patients receiving trastuzumab plus chemotherapy, compared with 20.2% in 5257 patients receiving anthracyclines alone (16) . A retrospective cohort study involving breast cancer patients of all ages gathered from the Cancer Research Network demonstrated a 20.1% five-year incidence of "HF and/or cardiomyopathy" in 442 patients receiving trastuzumab and anthracyclines, compared with 4.3% in 3697 patients receiving anthracyclines only (20) . The increased values observed in both these studies might be explained by the inclusivity and imprecision of the outcome variable "HF or cardiomyopathy" (acknowledged as a limitation * HF = heart failure. article by both studies), compared with our more stringent algorithm for "HF" diagnosis. Use of different administrative databases might also explain discrepancies. Adjustment for confounding variables enabled determination of hazard ratios for development of HF. The risk of developing new HF within 1.5 years of initiating adjuvant chemotherapy was almost six-fold higher when taking trastuzumab plus chemotherapy compared with chemotherapy alone. However, for women who did not develop HF in the first 1.5 years, the risk of new incidence of HF subsequent to this time was not statistically different between groups. Given that the duration of adjuvant therapy is roughly 1.5 years, the results imply that the trastuzumab-associated risk of HF does not further increase beyond the approximate period of adjuvant treatment.
No. at risk
This striking temporal trend is consistent with previous analyses of randomized controlled trial data. In a seven-year followup of the B-31 trial, only two of 37 cardiac events occurred after two years among 944 patients who received trastuzumab plus chemotherapy (2) . A median follow-up of eight years of the HERA trial demonstrated that the cumulative incidence of any type of cardiac end point increased during the period of trastuzumab treatment but was comparable with control patients thereafter (9, 11, 25) . The aforementioned retrospective population-level cohort studies did not compare early vs late cardiac risk associated with trastuzumab (16, 17, 20, 21) . Overall, consistent evidence exists in the literature, but the long-term temporal trend of trastuzumab cardiotoxicity has not been quantitatively explored previously. This may be partially because of the absence of long-term follow-up data on trastuzumab patients until recently, as the drug has only been in public use for approximately 10 years.
As expected, increased age, underlying diabetes mellitus, and two or more comorbidities were associated with risk of HF. Explanation of the increased risk of HF with a stage II or III cancer might be justified by the greater leniency in dose and duration of chemotherapy in patients with more aggressive, life-threatening cancer. The reduced risk of HF with more recent year of diagnosis may be related to an increasing familiarity with cardiac monitoring and earlier interruption of trastuzumab prior to development of clinical HF (36) . In contrast to other studies, anthracycline use was not associated with a statistically significant HF risk. This can be explained by the markedly lower baseline incidence of cardiac risk factors of patients prescribed anthracyclines in our study (Supplementary Table 6 , available online), as is commonly observed (28) .
In this study, we did not find any synergistic interaction between the clinical cardiotoxic effects of anthracyclines and trastuzumab within or beyond 1.5 years. The original phase III clinical trial (1) involving patients with metastatic breast cancer demonstrated cardiac dysfunction in 27% of patients taking trastuzumab plus anthracyclines, 8% anthracyclines alone, 13% trastuzumab plus paclitaxel, and 1% paclitaxel alone (37) . However, interaction cannot be inferred because baseline cardiac screening and exclusion of high-risk patients were not performed in this early study, and simultaneous trastuzumab and anthracycline is no longer done clinically. The later trastuzumab clinical trials were also not insightful because they did not include all necessary treatment arms. One retrospective study with elderly patients analyzed HF risks in many treatment arms, and they did not observe any anthracycline-trastuzumab interaction (21) . Despite the evidence refuting an interaction, the proposed molecular mechanisms of action of these drugs might suggest otherwise. Anthracyclines cause oxygen radical-mediated irreversible cell damage, whereas trastuzumab may block HER2 signaling pathways to disrupt cardiomyocyte contractility, block survival signals, and impair response to stressors (such as anthracyclines) reversibly (19, 30) . The latter mechanism presents a possibility for a trastuzumab-anthracycline interaction, whereby trastuzumab exacerbates anthracycline-induced cardiotoxicity, but this may be confined to concurrent drug administration, which is not done in practice (30) . Further elucidation of the mechanism of action of trastuzumab is needed to clarify this issue.
There are several limitations to this study. We evaluated clinical HF exclusively, not other trastuzumab-related cardiac end points such as HF severity, LVEF, cardiomyopathies, ischemic heart disease, or cardiac-related death. HF is clinically important and more reliably measured retrospectively, while the other end points are not regularly obtainable from administrative databases, but some were explored previously in a small sample size (21) . Depending on the comprehensiveness of administrative databases, future studies might investigate these end points in a long-term population-level design. Another limitation was our 85% sensitivity for detecting HF, but we are confident that this does not bias results. Additionally, various potential modifiers of HF risk could not be ascertained. Among adjuvant regimens of trastuzumab and/or chemotherapy, different doses, frequency of administration, and premature cessation were not identified, nor were use of radiation therapy (likely inconsequential [13, 19, 24] ), cardio-protective medications, smoking, family history, body mass index, or baseline LVEF. Exclusion of these factors likely does not compromise the major implications of the study, but may affect the cumulative incidence and HR values. Another limitation is that interaction terms often lack power; our study may not completely rule out a clinically important synergy of anthracycline and trastuzumab on cardiotoxicity. Finally, this study demonstrates associations only and not causality.
This study has several strengths. It included the largest number of breast cancer patients receiving adjuvant trastuzumab in "real world" clinical practice, to our knowledge. Three thousand three hundred seventy-one patients represented 17.7% of the entire cohort; this resembles the expected percentage of breast cancers that are HER2+ (approximately 25%) (7, 8) . Second, the relatively long duration of patient follow-up, median of 5.9 years, enabled assessment of the late manifestations and temporal pattern of cardiotoxicity. Third, this study design provides a broad population-level representation of the long-term trastuzumab-associated HF risk. Most other studies on this topic are clinical trials or retrospective studies involving elderly patients, which are limited in their generalizability.
Our findings may have implications for clinical practice. No clear universal cardiac monitoring guideline exists for patients receiving adjuvant trastuzumab. Various guidelines have been proposed but are largely based on expert opinion and not validated (38-42); they involve monitoring every three, four, or six months over the 12 months of treatment, and possibly beyond. For instance, the Canadian Trastuzumab Working Group recommends that carefully selected patients receive a clinical and LVEF assessment at baseline and every three months during treatment (38) . Yet, the need for post-treatment monitoring is also disagreed upon in the literature (38, 39, 41) . This study suggests that routine intensive monitoring for HF is not needed after completion of trastuzumab because the risk of developing new HF after completion of trastuzumab is no different from taking anthracyclines alone.
In conclusion, use of adjuvant trastuzumab with chemotherapy is associated with a statistically significantly increased risk of HF compared with chemotherapy alone, with the heightened risk largely confined to the duration of adjuvant therapy. The late risk of HF after adjuvant trastuzumab is not statistically significant, and routine intensive monitoring may not be necessary for patients who did not develop HF during adjuvant treatment. 
Notes
This study was orally presented at the 50 th ASCO Annual Meeting (Abstract ID 9504) on June 2, 2014.
